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1 . 0  INTRODUCTION AND SUMMARY 

Investigation of the application of inorganic membranes  in hydrogen- 
oxygen fuel cel ls  has  continued. 
acid-"Zeolon H" compositions have been prepared,  processed ,  and tes ted 
fo r  modulus of rupture and electr ical  conductivity. 

Additional zirconium oxide -phosphoric 

A standard method for preparing inorganic membranes  by either 
bal l  milling o r  high speed mixing is described in detail. 

The addition of zirconia fibers to zirconium phosphate -"Zeolon H" 
membrane  compositions resulted in a substantial  increase  in strength.  
of rupture values a s  high as 2751 psi were  obtained compared to 1063 psi  for  
the ma te r i a l  without f ibers .  
through the u s e  of m o r e  reactive grades of zirconia.  

Modulus 

Increase6 t ra i i sversc  s t rezgth v.ras also obtained 

An experimental  design has been established to permit  s ta t is t ical  analy- 
s i s  of the significant var iables  in membrane preparation. 

A number of prel iminary fuel cel l  runs were  made  in o rde r  to improve 
fuel ce l l  design for the evaluation of membrane  charac te r i s t ics .  
prel iminary resu l t s  were  obtained, and typical polarization curves a r e  shown 

Favorable 

at tempera tures  f rom 80° to 12OoC. &- 
2.0  EXPERIMENTAL WORK AND DISCUSSION 

2.1 Membrane Preparat ion 

2 .1 .1  Standard Method for  the Prepara t ion  of Inorganic 
Membrane Materials 

In o rde r  to produce sat isfactory inorganic membranes for  
fuel cel l  application, it was necessary to rigidly standardize all the mater ia l s  
and procedures  used in the preparation of the membranes.  
the application of adequate quality control pract ice  to a l l  phases of membrane  
preparat ion was ca r r i ed  out in order to produce membranes  of uniform physical, 
e lectr ical ,  and chemical character is t ics .  The following procedures have been 
established: 

This accomplished, 

a. Ball Millinn Membrane ComDositions 

Clean grinding j a r ,  cover ,  gasket,  and grinding balls 
by washing thoroughly. 
cover with water,  s ecu re  cover ,  and grind for  15 min. 
Empty mill and r in se  with clean water .  Repeat twice. 
P lace  grinding j a r ,  cover and bal ls  in drying oven at 
12OoC until completely dry.  

P lace  bal ls  in grinding j a r ,  
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Place  the level of the grinding bal ls  just  above the 
midpoint of the jar (55% of the jar volume). 
small grinding j a r s  (1  gal and under),  use  1 -in. 
and sma l l e r  grinding bal ls .  
is preferable.  

F o r  

A gradation of s i zes  

1 



Weigh raw mater ia ls  carefully and accurately so 
a s  to avoid spillage o r  contamination. 
grinding jar covered a t  a l l  t imes  during weighing 
in o rde r  to avoid pickup of a i rborne dust.  
mater ia l s  to the grinding j a r  first, liquids las t .  

Keep the 

Add dry 

Milling t ime must  b e  exact to a total  variation of 
5 min. 

After grinding, empty the milled mater ia l  and bal ls  
through an 8 mesh  sc reen  into a clean container. 
Screen  this s lur ry  through an  80 m e s h  screen .  P lace  
the screened s lur ry  in suitable containers for  drying. 

Wash, dry ,  and re turn  a l l  equipment to s torage.  

b .  Mixing Membrane Compositions 

Clean mixing j a r ,  agitator,  and cover by washing 
thoroughly. 
empty, and r inse with clean water .  Dry completely. 

Run with clean water  for 5 to 10 min, 

Add liquid ingredients to mixer  f i r s t ,  then dry mater ia l s .  

Put  cover in place, start mixer ,  and run a t  low speed 
until d ry  mater ia ls  a r e  incorporated into liquid phase. 
Run at high speed for  des i red  period of t ime.  

Screen  s l u r r y  through an 80 m e s h  s c r e e n  and place in 
suitable container for  drying. 
ment and re turn  to storage.  

Wash and dry all equip- 

2 .1 .2  Alternate Method for  the Prepara t ion  of Inorganic 
Membrane Materials by Mixing 

As al l  of the mater ia ls  presently used in the preparation 

Accordingly, 
of the inorganic membranes  a r e  very finely divided ( l e s s  than 10 microns) ,  
grinding in a ball  mill is  not necessary to reduce par t ic le  s ize .  
the resu l t s  of mixing the raw mater ia l s  in a high speed blender were  compared 
with ba l l  mill preparation. 
mixture  was made  by mixing for  5 min in a Waring Laboratory Blendor. After 
mixing, the s l u r r y  was dr ied for  15 h r  a t  16OoC, granulated to -32 t 8 0  mesh ,  
and p res sed  into t e s t  membranes  for sintering. Modulus of rupture specimens 
were  cut f r o m  sample membranes and tes ted for  strength.  
the s t rength of membranes  prepared by this mixing technique was a s  sat isfactory 
as those prepared by ball milling. 

A standard 1 zirconia:  1 phosphoric acid: 11tZeolon H" 

It was found that 

Prepara t ion  of inorganic membrane  mater ia l s  by mixing not 
only great ly  reduces preparation time but a l so  offers the advantage of being able 
to introduce mater ia l s  into the composition without significantly altering their  
physical  form.  F i b e r s ,  for  example, can  b e  added to  the mixture  by this means ,  
whereas  bal l  milling might largely destroy the fibrous s t ruc ture  due to the grind- 
ing action of the media. 
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When particle size reduction is desired,  a combination of 
the two preparation techniques may be used, especially when f ibers  of s imi la r  
mater ia l s  a r e  to be added to the composition. In this case ,  bal l  milling would 
be  used to grind the raw mater ia l s  to the des i red  degree of fineness,  and then 
the f ibe r s  o r  other additives would be introduced into the composition by high 
speed mixing. 

2.  1 .3  Preparat ion of Membrane Materials for Compacting 

The dr ied membrane ma te r i a l  i s  crushed with a porcelain 
m o r t a r  and pestle and passed through a 32 m e s h  screen.  
with an 80 mesh  screen ,  result ing in a -32 mesh ,  t 8 0  m e s h  product. 

The f ines  a r e  removed 

rnr  i n e  pressiiig materia! is s h r e d  ir, 2 sealed j a r  to prevent 
pickup ( o r  loss)  of moisture  due to  excessive exposure to the atmosphere.  

2 .1 .4  Compacting Membrane Materials 

The pressing mold is cleaned thoroughly and lubricated with 
a thin film of kerosene.  
ment in the die cavity. 

Both punches a r e  checked for fit and freedom of move-  

The bottom punch is then inserted into the cavity and blocked 
at the proper  level to  provide the desired die f i l l .  'Lhe die cavity is !!over-ii&d" 
with an excess  of mater ia l ,  and a smooth, uniform final die f i l l  is obtained by 
carefully scraping off the excess  mater ia l  with a spatula. Care  is taken to avoid 
removing any mater ia l  f rom the die cavity. 
the die cavity and checked to ascer ta in  that it f i ts  and turns  freely.  The blocking 
which supports the lower punch, is removed, a rubber gasket r ing is placed over  
the lower punch, and the mold assembly is placed in the p re s s .  The mold a s s e m -  
bly is pressed  lightly ( > 5  tons load) to exclude a i r ,  p r e s s u r e  is re leased ,  and then 
the des i red  load is applied. 
is removed f rom the press .  
punch is pressed  through the mold assembly to  eject the pressed  compact. 

-. 

The top punch is then inser ted into 

P r e s s u r e  is re leased  slowly, and the mold assembly 
The gasket ring is then removed, and the upper 

The lower punch (now in top position) is removed, followed 
by removal  of the compacted membrane. 
f rag i le  at this stage,  extreme c a r e  must be used to avoid cracking, breakage,  o r  
distortion. The membrane  can usually be  floated f rom the punch with a gentle 
je t  of compressed a i r  and t ransfer red  to a smooth, flat f ir ing plate by means of 
a wide spatula. 

As the membrane  is ve ry  soft and 

After compacting, the membranes  a r e  s tored in a drying 
oven (110OC) o r  a dessicator  until they can be loaded into the furnace f o r  sintering. 

2 .1 .5  Sintering the Membranes 

The membranes can b e  sintered by loading them on smooth, 
Re-  flat re f rac tory  surfaces  and placing them in the electr ic  sintering furnace.  

f r ac to ry  se t t e r s  commonly used for firing ce ramic  wall  t i le have been found to  
be  highly satisfactory for this purpose. They a r e  flat and smooth, nine m e m -  
b ranes  can be  loaded on each set ter ,  and the se t t e r s  can be stacked four high in 
the present  sintering furnace so  that as many a s  36 membranes  can be  s intered 
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at one t ime. 
furnace,  which inc reases  the uniformity of sintering within a given run and 
f r o m  load to  load. 

The s e t t e r s  a lso provide a constant thermal  load (mass) f o r  the 

After sintering at the des i red  tempera ture  and t ime,  the 
furnace is allowed to cool to llO°C, and the re f rac tory  setting and s intered 
membranes  a r e  removed. The membranes a r e  then s tored  i n  sealed g lass  
jars to avoid mois ture  pickup f r o m  the atmosphere.  

2 . 2  Membrane Composition Studies 

2.2.1 Addition of Zirconia F i b e r s  to Zirconium Phosphate- 
"Zeolon HI' Membranes 

Favorable results have been obtained through the addition 
of fiber to ce ramics  in an Astropower proprietary program. 
deemed desirable  to determine the effect of f iber additions in this project.  
f rac tory  f ibe r s  commercial ly  available a t  the present  t ime include calcia-stabil ized 
zirconia ,  zirconium sil icate,  calcia-stabilized zirconia containing 9 to 10% si l ica ,  
calcia-stabil ized zirconia containing 10 to 15yo neodymia, alumino-silicate, s i l ica ,  
g lass ,  and acid-washed asbestos.  Calcia-stabilized zirconia was selected for  
evaluation a s  an additive to  zirconium phosphate-"Zeolon HI' membranes  because 
of its re f rac t iveness ,  strength,  and chemical compatibility with the other m e m -  
brane  ingredients.  It was felt  that the f ibers  should increase  membrane  s t rength 
both by vir tue of their  physical form and chemical reaction with the phosphoric 
acid present  in the mixture.  
a r e  shown in Table I. 

Therefore ,  it  was 
Re-  

The physical propert ies  of calcia-stabil ized zirconia 

Tes t  membranes were  prepared f rom a 1 zirconia:  1 phos- 
phoric acid: 1 "Zeolon HI' composition which was ball  milled for 18 h r .  
grinding, 570 by weight of TAM XPL-100-2 zirconia f ibers  were  added to the 
s l u r r y  and mixed in a Waring Blendor for 5 min. 
granulated, p ressed ,  and sintered. 
s in te red  membranes  and tes ted for t ransverse  strength. Also, conductivities 
were  measured ,  and membranes  were tested in the experimental  fuel cell.  

After 

This ma te r i a l  was then dr ied,  
Modulus of rupture samples  were  cut f rom 

The data obtained show that the addition of 570 calcia-stabil ized 
zirconia  f ibers  to a 1 zirconia:  1 phosphoric acid: 1 "Zeolon HI' membrane  compo- 
sition increased  the t r ansve r se  strength f rom 1063 psi  to 1910 psi  when s intered 
a t  30OoC. 
composition containing 570 ZrO2 fiber, compared to 2381 psi  for the 1 ZrOZ: 
1 H3PO4: 1 "Zeolon HI' composition without fiber addition. 

Sintering at 5OO0C resulted in a modulus of rupture of 2751 ps i  for  the 

Transve r se  strengths a r e  shown on Figure 1 and in Table 11. 
Composition and processing details  a r e  shown in Table 111. 

Favorable results were  obtained when the fiber -containing 
As a resul t  of these findings, the membrane  was operated in  the tes t  fuel cell .  

effects  of adding zirconia f ibers  to zirconium phosphate-"Zeolon H" fuel cel l  
membranes  will be  investigated further. 
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2 . 2 . 2  Evaluation of Zirconium Oxides f rom Different Sources  

Investigations conducted in Astropower propr ie ta ry  programs 
involving the reactivity of zirconium oxides obtained f rom different sources  with 
phosphoric acid suggested that fur ther  improvement in membrane  s t rength could 
resu l t  f r o m  the use  of more  reactive zirconias.  A sample of C. P. Zirconia was 
obtained f rom Titanium-Zirconium Co., Flemington, N.  J., which was believed 
to have been calcined to a lower temperature  than the TAM C.P .  zirconia being 
used and would b e  m o r e  reactive.  
standard 1 / 1 / 1 zirconia/phosphoric acid/"Zeolon H" mixture  using this ma te r i a l  
a s  the zirconia constituent. The increased reactivity of this zirconia was readily 
apparent during drying of the mater ia l  af ter  mixing, and f r o m  the noticeable 
amount of heat which was generated when it was mixed with phosphoric acid.  The 
s t rength of the s intered membranes  was also excellent (2941 &210  psi) compared 
to the s a m e  composition when TAM C. P. zirconia was used (1063 f 90 psi) .  As  
a resu l t  of these favorable preliminary findings, additional lots of z i rconia  ca l -  
cined to lower tempera tures  have been ordered  for  fur ther  evaluation. 
samples  of calcia-stabil ized zirconia a r e  being obtained, a s  it is reasonable to 
believe that these mater ia l s  should also develop s t ronger  bonds with phosphoric 
acid than the C .P .  grades of zirconia. 

Sample membranes were  prepared  f rom a 

Also, 

2. 3 Conductivity Measurements 

The conductivities of three different types of zirconium oxide- 
phosphoric acid-"Zeolon HI' membranes were  determined a t  a number of fixed 
tempera tures  in the vicinity of 100°C. The effect of tempera ture  a s  well a s  of 
relative humidity was measured.  The apparatus employed for  these measu re -  
ments  was  previously described in  the third quarter ly  repor t  (108-Q3). In this 
a r rangement ,  the alternating current  res i s tance  of membranes  i s  measured  by 
a br idge method. In o rde r  to a s s e s s  the reproducibility of membrane  prepara-  
tion, the conductivities of a number of identical membranes  were  determined. 
The resis t ivi t ies  presented represent  average values;  the e r r o r  is indicated in 
t e r m s  of standard deviation. 

d' 

The resis t ivi t ies  of two new membrane  compositions ( N o s .  191 -01 7 - 1 
and 191-016), consisting of Z r 0 2 ,  H3POq9 and "Zeolon H" (1:2:3/2 and 2:1:2 pa r t s  
by weight) a r e  shown in Tables IV and VI  a s  a function of both tempera ture  and 
relat ive humidity. 
membrane  composition consisting of ZrO2, H3P04, and "Zeolon H" (1: 1: 1) was 
prepared  under the same conditions and is shown in Table V. As i l lustrated by 
F igu res  2 and 3,  the new membrane  composition consisting of ZrO2, H3P04, 
and "Zeolon HI' (1:2:3/2) exhibits a somewhat lower value of res is t ivi ty  than the 
highly conducting composition (1 : 1 : 1). 
and 9OoC, a res is t ivi ty  of 29  ohm-cm is exhibited by 1:2:3/2, while 35 ohm-cm 
is shown by 1:l: 1. 
membrane  compositions show increasing conductivity with an increase  of either 
the relat ive humidity o r  the temperature ,  as would be  expected for  ionic con- 
duction; however, the relative effect of tempera ture  is quite small .  

As a standard for comparison, the usual  highly conducting 

F o r  example, a t  60% relative humidity 

A further examination of these f igures  reveals  that  both 

The remaining new membrane composition, Membrane No. 191 -01 6 
formed f rom Z r 0 2 ,  H3PO4, and "Zeolon H" (2:1:2) is considerably l e s s  conducting 
than the 1: l : l  membrane  composition, probably due to the excess  unreacted Z r 0 2  

Report  108-M3 5 



caused by using a low H3P04  ratio.  
and 70% relative humidity) i s  92 ohm-cm, compared to 35 for the 1 : l : l  membrane.  

The resis t ivi ty  of this membrane  (at 9OoC 

In Figure 4 the resist ivit ies of all three  membrane  compositions a r e  
compared at llO°C a s  a function of relative humidity. Again, this plot shows the 
same o rde r  of conductivities as deduced a t  lower tempera tures .  The plot shows 
clear ly  that even at llO°C the 2:1:2 mixture is considerably l e s s  conducting than 
either the 1:2:3/2 o r  l : l : l ,  which exhibit quite similar conductivities. 

2.4 Fuel  Cell Operation 

A single-cell laboratory fuel cel l  has  been constructed f o r  u s e  in 
A c r o s s  section of this fuel the evaluation of the m o r e  promising membranes .  

cel l  a s  well a s  a description of its cmstruct ion is presented in  the previous 
monthly repor t  ( 108 -M2). 
a r e  shown in F igures  5 and 6. 

Photographs of the cell  as sembled and disas  sembled 

The ent i re  sys tem employed in the control and measurement  of each 
var iable  such as tempera ture ,  gas flow, cur ren t  flow, and voltage is shown in 
the block d iagram of the preceding monthly repor t  (108-M2). 
the fuel cel l  is immersed  in a fluidized sand bath which is maintained at the de-  
s i r ed  tempera ture  by means of a solid s ta te  proportional tempera ture  control ler  
that allows tempera ture  control to within l e s s  than l0C. Both hydrogen 
and oxygen gases  a r e  measured  by flow m e t e r s  before  enieririg the fuel cell. 
The flow ra t e s  can  be  carefully adjusted by low p r e s s u r e  regulators preceding 
the flow me te r s .  F o r  determination of current-potential  curves ,  the fuel cel l  
is connected in  s e r i e s  with a Western mil l iameter  and a low res i s tance  t r ans i s -  
tor ized power supply. This arrangement a s s u r e s  constant cur ren t  operation, 
allowing the fuel cel l  to  determine the direction of cur ren t  while the power suppl 
compensates for minor  variations i n  the output voltage of the cell. 
voltage output of the fuel cell  is measured by a high impedance Triplet t  electronic 
vol tmeter .  

In this arrangement ,  

Finally, the 

A few prel iminary experiments have been ca r r i ed  to t e s t  and ref ine 
the fuel cel l  apparatus.  
the fuel cell ,  and silicone rubber was placed around the per imeter  of the m e m -  
b rane  to  achieve a gas seal.  The platinum black catalyst  was applied mechani- 
cally upon each s ide of the membrane a s  well a s  upon a 50 mesh  platinum s c r e e n  
held in contact with the membrane  by spring-loaded pusher plates. The fuel cell  
was  assembled and introduced into the fluidized sand bath maintained at 25OC. 
The membrane  in the fuel cel l  was hydrated a t  room tempera ture  by shor t  c i r -  
cuiting the electrodes while hydrogen and oxygen gases  flowed through the com- 
par tments  on each side of the membrane. 
membrane  took place, significant open circui t  potentials were  observed. 

In these experiments, the membrane  was introduced into 

After appreciable hydration of the 

After pretreatment  of the membrane ,  the effect of tempera ture  and 
of the r a t e  of flow of gases  (which determine the water  balance within the mem- 
brane)  upon the current-potential  curves,  as well as upon the open circui t  poten- 
t ial , we r e inv e s t i g  a t  ed . 
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2.5 Results 

Employing the procedure descr ibed above, Membrane No. 191 -002, 
consisting of Z r 0 2 ,  H3P04, and "Zeolon H" (1 : l : l  pa r t s  by  weight with addition 
of 57'0 ZrO2 f ibers)  was tested in the fuel cell  assembly.  The potential-current 
data a t  a number of tempera tures  from 8OoC to 12OoC a r e  shown in Table VI1 and 
i l lustrated in  Figure 7. Inspection of this table reveals  that a fa i r ly  satisfactory 
open circui t  potential of 0.96 v is observed at 8OoC and gradually dec reases  with 
increasing tempera tures  to a value of 0.84 v a t  12OoC. As  shown by Figure 7, 
the cur ren t  output a t  a given voltage level improved with increasing tempera tures  
up to 90:C, whereupon, a s  the temperature  was fur ther  increased to  100, 110, 
and 120 C, the performance of the fuel cel l  was lowered. At this optimum tem-  
pera ture  of 9OoC, a cur ren t  density of 31 m a / c m 2  was sustained a t  0 .5  v output. 
F r o m  the slopes of the potential-current curves ,  the apparent membrane  r e s i s t -  
ance is calculated a s  shown in Table VIII. 
the minimum membrane  res i s tance  of 1 ohm is obtained at 9OoC, with a maximum 
value of 3 ohms at 120°C. 
membrane  resist ivity,  a minimum value of 170 ohm-cm is obtained a t  9OoC, while 
the maximum of 509 ohm-cm occurs  a t  12OoC. 
resis t ivi ty  (about tenfold l a rge r  than may  be expected f rom conductivity rrieasure- 
ments)  may  be a resul t  of: 

Inspection of this  table reveals  that  

If these resis tance values a r e  expressed in t e r m s  of 

These unusually la rge  values for  

a. Inadequate coverage of the membrane  by platinum 
U L ~ L K  iatdlyst ,  IedviIig dreaa ul t'rie I I ~ C I I ~ L L  arie wi t l iuu i  
catalyst  
1 1 .  - 1  

b.  A contact res is tance between the platinum black and 
the membrane  

C .  Electrode flooding so  that la rge  a r e a s  of the electrode 
surface a r e  rendered ineffective for  electrode reaction 

The above fuel cell  tes ts  were  prel iminary in nature and a r e  not a 
sat isfactory c r i te r ion  of membrane  character is t ics .  As the method of contacting 
the membrane  with platinum black catalyst is improved and other difficulties a r e  
eliminated, a fair ly  good evaluation of the membrane  charac te r i s t ics  may be 
anticipated. 
platinum to the membrane  surface a r e  current ly  being explored and evaluated. 

A number of different approaches for  improving the application of 

2. 6 Statist ical  Design 

In o rde r  to determine the optimum procedure for  fabricating inor-  
ganic fue l  cel l  membranes ,  a n  experimental design has  been established. P r e -  
l iminary experiments have been car r ied  to determine l imits  for drying t ime and 
t empera tu res .  The experimental  
work necessary  to provide data for statist ical  analysis is under way, and pre l im-  
inary resu l t s  should be  available for the next repor t .  

The experimental plan is shown in Table IX. 

3 .0  \ PERSONNEL CHANGES 

A. D. Ke lmers  has  left Astropower,  Inc. Dr .  Duncan W .  Cleaves 
. Graves,  J r .  a r e  now associated with the Electrochemistry 

Department.  \ 

'\ Report  108-M3 '\ 7 



Dr,  Cleaves has  extensive experience in  ion exchange technology and has  
c a r r i e d  out r e s e a r c h  in  both the inorganic and organic fields. 
includes 14 yea r s  of industr ia l  chemical experience,  and 6 y e a r s  of college 
teaching. He ass i s ted  in  o r  directed a var ie ty  of laboratory and pilot sca le  
problems in c h e p i c a l  process  r e sea rcho  including organic es ter i f icat ion,  ion- 
exchange separat ion of amino acids ,  electrodeposit ion of copper and the ex t r ac -  
t ive metal lurgy of titanium. He adapted the Krol l  p rocess  to the production of 
high purity titanium. He has designed and built g lass  vacuum sys t ems  for  the 
analysis  of meta ls  by hot-extraction and vacuum fusion techniques. 

His  background 

Mr. Graves has  broad experience in  r e s e a r c h  and engineering in  the 
fields of fuel cel ls ,  petroleum, medicine, text i les ,  and specialized analytical  
instrumentation. 
s e a r c h  equipment, and he is the inventor of devices for  use in radioactive gas 
sampling and handling. 

He has  a l so  developed high temperature-high p r e s s u r e  r e -  
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TABLE I 

PHYSICAL PROPERTLES O F  CALCIA-STABILIZED 
ZIRCONIA FIBERS::: 

Stabilized zirconia, 4 to 6'70 calcia  

F ibe r  length 1-3 in. 

F ibe r  d iameter  0.0001 -0.0003 in. 

C r o s s  section Ci r cuia r 

Gra in  s ize  0 .1  micron  

Specific grav ty 4.5-5.2 

Melting point 255OoC 

Tensile s t rength 35,000-150,000 p s i  

Modulus of elasticity 

Surface area 2OOm /g 

/ 

30-50 x 10" ps i  

2 

:% H. I, Thompson Fiber  Glass Co. Technical Bulletin / 
NO. 1-1B. 
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TABLE I1 

DRY TRANSVERSE STRENGTH OF SINTERED MEMBRANES 

Batch No. Z r 0 2  
7 

191-019 1 

191-020 1 

191-007 1 

191-002 1 

191-042 1 

036-029 1 

Phosphoric Acid "Zeolon HI1 

1 0 

1 / 2  1 

1 1 

1 1 

1 1 

1 1 

TABLE I11 

Modulus of Rupture 

4135 ? 24 ps i  

2405 ? 70 psi  

1063 90 ps i  

1910 210 ps i  

2751 59 ps i  

2381 115 ps i  

COMPOSITION AND PROCESSING METHODS USED IN PREPARING 
F U E L  CELL MEMBRANES 

C ompo si tion Drying Sintering 

Membrane Phos "Zeolon Ball  P r e s  sing 
No. - ZrOZ Acid HI! Milling Temp Time P r e s s u r e  Temp Time 

191-019 1 1 0 18 h r  16OoC 15 hr 5 tons 3OO0C 2 4 h r  

191-020 2 1 2 18 h r  16OoC 15 hr 5 tons 3OO0C 24 h r  

19 1-007 1 1 1 18 hr 16OoC 15 hr 15 tons 3OO0C 24 hr 

191-002(3) 1 1 1 18 h r  16OoC 15 h r  15 tons 3OO0C 24 h r  

191-042(3) 1 1 1 (1) 16OoC 15 h r  15 tons 5OO0C 24 h r  

036-029(2) 1 1 1 (1) 16OoC 15 h r  15 tons 5OO0C 24 h r  

(') Not ball mil led - mixed 15 min  in Waring blendor 

( 2 )  C.  P. zirconia  f rom Titanium-Zirconium C o . ,  Flemington,  N. J. 

(3) 5% TAM Z r 0 2  f ibe r s ;  XPL-108-2 added af te r  preparat ion 



TABLE IV 

RESISTIVITLES AT THREE TEMPERATURES 
(MEMBRANE NO. 191-017-1) 

Composition: ZrOZ,  H3P04,  "Zeolon H" (1:Z:z 3 p a r t s  by weight) 

Relative Humidity 
(70 \ 

Tempera ture  69OC 

69 
56 

42 

25 

15  

0 

Tempera tu re  9OoC 

70 

49 
28 

20 

11 

0 

Tempera tu re  1 10°C 

57 

32 

14 

9 
7 

5 

0 

Resistivity Number of Membranes Employed 
(Ohm-cm) in Obtaining Standard Deviations 

1 

1 
(3.12 2 0.18) x 10 

(3.31 0.22) x 10 
(3.48 f 0.26) x 10 1 

(8.94 f 0.80) x 10 2 

1 

1 
(4.44 ? 0.44) x 10 

(7.72 0.95) x 10 

1 

1 

1 

1 

1 

3 

(2.88 2 0.24) x 10 

(2.94 ? 0.29) x 10 

(5.04 0.63) x 10 

(6.11 f 0.83) x 10 

(8.81 1 . 2 7 )  x 10 

(2.47 f 0.57) x 10 

1 

1 

2 

2 

2 

2 

2 

(2.47 ? 0.15) x 10 

(4.12 ? 0.29) x 10 

(1.05 t 0.09) x 10 

(1.25 f 0. 12) x 10 

(1.33 0.14) x 10 

(1.65 2 0.67) x 10 

(2.90 0.38) x 10 
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TABLE V 

RESISTIVITIES AT THREE TEMPERATURES 
(MEMBRANE NO. 191-007-1) 

Composition: Z r 0 2 ,  H3P04,  "Zeolon HI1 (1 : l : l  p a r t s  by weight) 

Relative Humidity Re  si s tiv i ty Number of Membranes Employed 
( 7 0  1 (Ohm - cm ) in Obtaining Standard Deviations 

0 TemDerature 69 c 

69 
56 

42 

25 

15 

0 

Tempera ture  9OoC 

70 

49 
28 

20 

11 

0 

Tempera ture  11 O°C 
~ 

57 

32 

14 

9 
7 

5 

0 

(3.80 f 0. 07) x l o 1  
1 (3.97 f 0.05) x 10 

(4. 16 0.06) x 10' 
1 (6.57 f 0.76) x 10 
2 (1. 06 f 0.24) x 10 
3 (1.46 f 0.45) x 10 

1 
(3.48 f 0.06) x 10 

1 (3.65 &O. 16)  x 10 
1 

(6.86 k1.39) x 10 
1 

(8.01 f 1 .  58) x 10 
2 (1.12 k0.23) x 10 
3 (2.57 f 0.67) x 10 

1 

1 

2 

2 

2 

2 

2 

(3 .22 f 0.12) x 10 

(6.09 f 1.54) x 10 

(1.47 f 0.34) x 10 

(1.84 f0 .42 )  x 10 

(1.97 k0.45) x 10 

(2.52 f 0.59) x 10 

(4.76 f 1.40) x 10 

3 

3 

Repor t  108-M3 12 



TABLE VI 

RESISTIVITIES AT THREE TEMPERATURES 
(MEMBRANE NO. 191-016) 

Composition: Z r 0 2 ,  H3P04,  "Zeolon HIf (2:1:2 p a r t s  by weight) 

Re  la tive Humidity 
(%I 

Tempera tu re  69OC 

69 
56 

42 

25 

15 

0 

Tempera tu re  9OoC 

70 

49 

28 

20 

11 

0 

Tempera tu re  11 O°C 

57 

32 

14 

9 
7 

5 

0 

Repor t  108-M3 

Resistivity 
(Ohm -cm) 

1 

2 

2 

2 

2 

4 

(7.61 f l .  13)  x 10 

(1. 13 f 0 . 2 0 )  x 10 

(1. 59 f 0.31) x 10 

(2.91 f 0.18) x 10 

(6.16 f 1.51) x 10 

(2.26 f 0.82) x 10 

(0.92 f 0.16) x 10 2 

2 

2 

2 

2 

4 

(1.62 f0. 28) x 10 

(3.81 A0.85) x 10 

(4.66 f 1 . 0 9 )  x 10 

(7.17 f 1 . 8 5 )  x 10 

(2.68 f 0.92) x 10 

2 

2 

2 

2 

2 

2 

3 

(0 .92 f 0.14) x 10 

(2.43 f0 .44 )  x 10 

(5.98 f 1.20) x 10 

(7.34 51.41)  x 10 

(8.13 f 1.65) x 10 

(9.95 f 1.98) x 10 

(4.35 f0 .42 )  x 10 

Number of Membranes Employed 
in  Obtaining Standard Deviations 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

2 

2 

1 

13 



TABLE VI1 

E F F E C T  O F  TEMPERATURE UPON CURRENT-POTENTIAL 
CHARACTERISTICS O F  A HYDROGEN-OXYGEN MEMBRANE 

F U E L  CELL 

Membrane No. 191-002 
Composition: Z r 0 2 ,  H3P04,  "Zeolon H" (1:l:l p a r t s  by  weight with addition 

of 570 Z r 0 2  f ibe r s )  

Catalyst :  Platinum black 
Method of ca ta lys t  contact with membrane:  platinum black applied mechanically 

to  50 mesh platinum sc reen  in contact 
with membrane  

Apparent area of platinum screen  = 13.4 cm 2 

Tempera ture  

8OoC 

V I 
(volts)  (ma) 

0.96 

0.70 

0.64 

0.57 

0.47 

0.41 

0.35 

0.23 

0.11 

0 

150 

200 

250 

3 00 

3 50 

400 

500 

600 

Tempera ture  

9OoC 

V I 
(volts)  (ma) 

0.90 

0.71 

0.62 

0.52 

0.39 

0.30 

0.21 

0.13 

0 

200 

300 

400 

500 

600 

700 

800 

Temperature  

1 OOOC 

V I 
(volts) (ma) 

0.86 0 

0.64 150 

0.56 200 

0.38 300 

0.23 400 

0.02 500 

Tempera ture  
11 ooc 

V I 
(voi ts j  imaj 

0.87 0 

0.62 100 

0.39 200 

0.17 300 

0.05 350 

Tempera ture  

120Oc 

V I 
jvoitsj  imaj 

0.84 0 

0.53 100 

0.38 150 

0.23 200 

0.07 250 
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TABLE VI11 

EVALUATION O F  THE RESISTIVITY OF A MEMBRANE AT A 
NUMBER OF DIFFERENT TEMPERATURES FROM 

CURRENT-POTENTIAL DATA 

Membrane No. 191-002 

Apparent electrode area = 13.4 cm 

-2 Thickness of membrane = 7.9  x 1 0  c m  

2 

Tempera ture  

(OC) 

80 

90 

100 

110 

120 

Repor t  108 -M3 

Resistance 

(Ohms) 

1 .4  

1 . 0  

1 .8  

2.2 

3 . 0  

Resistivity 

(Ohm - cm ) 

238 

170 

305 

373 

509 

15 



TABLE IX 

STATISTICAL DESIGN FOR DETERMINING OPTIMUM 
PROCEDURES FOR FABRICATING MEMBRANES 

Variable 
Elements  

x2 

x3 

Composition 

30 30 

20 30 

50 40 

Drying Time 

20 40 

Drying Temperature 

120 140 

Fixed 
Elements  

Compaction P r e s s u r e  

30 

40 

30 

60 

160 

15 15 15 

Sintering Time 

24 24 24 

Sin te ring Tempe r a tur e 

500 500 500 

Z ir c onia 

Phospnoric acid 

IIZeolon HI1 

Hr  

"C 

Tons 

H r  

C 
0 
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Figure  2. Effect of Temperature  upon Resistivity for  the Same 
Membrane Composition (Membrane No. 191-017-1) 
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F igure  3. Effect of Temperature upon Resistivity for  the Same 
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I 
Figure 5.  Assembled Fuel Cell 

Figure 6 .  Disassembled Fuel Cell 
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